The ATS system is used to provide wayside signaling. Currently, the oscillation frequency is set at 78[kHz] in the normal state. As the on-board receiver crosses over the wayside transmitter, the oscillation frequency is changed by capacitors of the wayside transmitter in a manner dependent on the train speed. As the oscillation frequency is changed, the waveform is modified in the wayside transmitter as well as in the on-board receiver. When there are other signal systems such as a ATO system present near the wayside transmitter, frequency interference occurs. This phenomenon arises since other signals or communication frequencies present will be included in the waveform. Trains often stop due to these other frequencies included in the waveform. In this paper, a model of the interaction between the wayside transmitter and on-board receiver is suggested and frequency response in the wayside transmitter and on-board receiver in the presence of the other signals are estimated by the coupling coefficient. Also, the coupling coefficients are estimated, and the optimal value is proposed.
Introduction
Railroad signaling systems control the intervals and routes between trains. Signaling methods on the wayside passively control the train speed by using signal flags alrealy installed on the wayside [1] . ATS systems are used in Korea and Japan. Signal information is transmitted by combining mutual inductance between the wayside transmitter and onboard receiver. The wayside transmitter performs changing of the oscillation frequency in accordance with the signal information. The on-board receiver controls the train move-ment by receiving the frequency [2] . When there are other signals present such as ATO signal in addtion to the wayside transmitter, signal frequency interference arises [3] . Fig. 1 shows time and frequency response on the onboard receiver in site measurement [4] .
As shown in Fig. 1 , various frequencies are included in the response. The current at 40[kHz] is higher than that at the oscillation frequency(78[kHz]). Therefore, it becomes impossible to control trains due to the frequency interference. Sometimes, trains are stopped [5] . In this paper, an electrical model of the interface of the wayside transmitter and on-board receiver is suggested and frequency response in the wayside transmitter and on-board † * * * 
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receiver that accounts for other signals present is estimated by the coupling coefficient. Also, the value of the coupling coefficient that excludes other signals and is proposed demonstrated by using Matlab and PSpice program. Fig. 2 shows the wayside transmitter and on-board receiver [6] . Fig. 3 shows an electrical model between the wayside transmitter and on-board receiver in reference to Fig. 2 . The electrical model is needed to analyze frequency response according to the coupling coefficient between the wayside transmitter and on-board receiver.
An Electrical Model
V is the primary voltage and R 1 is the resistance of the on-board receiver. L 1 is the primary self inductance and L 2 is the secondary self inductance of the on-board receiver. R 2 is the secondary resistance of the on-board receiver and M 12 is the mutual inductance between the primary and secondary on-board receiver. R 1 is the self inductance of the wayside transmitter and L 1 is the capacitor of the wayside transmitter. M 13 is the mutual inductance between the primary on-board receiver and wayside transmitter and M 23 is the mutual inductance between the secondary on-board receiver and wayside transmitter. M 13 is equal to M 23 because distance from the wayside transmitter is the same.
Information between the wayside transmitter and onboard receiver is transmitted by frequency modulation as shown in Fig. 4 [7] . When the on-board receiver passes over the wayside transmitter, oscillation frequency is changed by capacitor of wayside transmitter. This phenomenon is the Ziehen effect [8] . Each oscillation frequency is set by speed limit of trains [9] . Table 1 is the specifications of ATS system in Korea [10] .
Frequency Response Analysis
Equations (1)~(3) are circuit equations for when the on-board receiver passes over the wayside transmitter. Equation (1) governs the primary voltage in the on-board receiver and equation (2) governs the secondary voltage in the on-board receiver. Equation about the voltage in the wayside transmitter [11] .
(1) Frequency response of the secondary current of the onboard receiver and wayside is analyzed by using Eqs. (1)~(3).
Frequency response of the secondary current in on-board receiver
There are eight variables about time in Eqs. (1)~(3). Therefore, differential and integral equations are required as below.
(4)
Initial value in (7) and (8) is zero when the on-board receiver passes over the wayside transmitter [12] . and about are gained by transposition of and in (1)~ (7) .
is presented by using (10) about .
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Equation (12) is the frequency response of the current in the secondary on-board receiver obtained by substituting (9), (10) and (11) in (8) [13, 14] . (12) in (13) and in (14) is used to analyze the frequency response according to the coupling coefficient [15, 16] .
The coupling coefficient is a number that expresses the degree of electrical coupling that exist between two circuits. k 13 is the coupling coefficient between the primary on-board receiver and wayside transmitter. k 23 is the coupling coefficient between the primary and secondary on-board receiver. The frequency response of the secondary current of the on-board receiver is calculated by substituting (13) and (14) in (12) .
Frequency response of the current in wayside transmitter
and about are gained by transposition of and in (1)~ (7) .
Equation (17) is the frequency response of the current of the wayside transmitter obtained by substituting (15) and (16) in (8) . The frequency response of the current in the wayside transmitter is calculated by substituting (13) and (14) in (17) . Table 2 is the electrical parameters of the ATS system. When resonance frequency is 130[kHz], the capacitor of the wayside transmitter is 5[nF] [17] . As the primary and secondary self inductance of the on-board receiver and distance from the wayside transmitter to the on-board receiver are the same, is valid. In this paper, the resonance frequency is varied according to the coupling coefficient between the on-board receiver and wayside transmitter.
Simulation

Frequency response of the secondary current in on-board receiver
When the coupling coefficient between the wayside transmitter and on-board receiver is 0.01, 0.02, 0.05, 0.1 and 0.2, Fig. 5~Fig. 9 show the respective frequency responses by using Matlab and PSpice program. The xaxis denote the frequency and the y-axis denotes the amplitude the of current. Table 3 shows the results of changed resonance frequency according to the coupling coefficient.
The error between the numerical and simulation analysis is below 5[%]. The higher the coupling coefficient is, the higher the resonance frequency is and higher the current. When the coupling coefficient is high, the magnetic induction phenomenon between the wayside transmitter and on-board receiver is intensified. Therefore, when the [kHz] is higher than at the resonance frequency. As shown in Table 3 , the higher the coupling coefficient, the higher the resonance frequency. When the coupling coefficient is over 0.1, the current is about 5[A]. Range limit of the resonance frequency is ±2[kHz] as shown in Table 1 . When the coupling coefficient is higher than 0.1, the resonance frequency is out of the range limit. Therefore, it is proper that coupling coefficient be 0.02~0.1. In other words, the mutual inductance between the wayside transmitter and on-board receiver is 10.2[µH]~51[µH].
Frequency response of the current in wayside transmitter
When the coupling coefficient between the wayside transmitter and on-board receiver is 0.01, 0.02, 0.05, 0.1 and 0.2, Fig. 10~Fig . 14 show the perspective frequency responses by using Matlab and PSpice program. The xaxis denotes the frequency and the y-axis denotes the amplitude of current.
When the coupling coefficient is up to 0.02, the resonance frequency is exactly at 130[kHz] is as the frequency response of the secondary current of the on-board receiver. The resonance frequency according to the coupling coefficient is given by Table 3 . When the coupling coefficient is greater than 0.02, the current is decreased because counter electromotive force is increased. When the coupling coefficient is greater than 0.1, the resonance frequency is out of the range limit. Therefore, the mutual inductance between the wayside transmitter and on-board receiver is below 51[µH].
Conclusion
In this paper, an electrical model between the wayside − 18 − transmitter and on-board receiver is presented. The numerical and simulation frequency responses are shown for afferent values of the coupling coefficient between the wayside transmitter and on-board receiver. The coupling coefficient influences the amplitude of current and the resonance frequency via the magnetic induction. When the coupling coefficient is high, the magnetic induction is intensified. So, the current and resonance frequency are changed. When the coupling coefficient is below 0.02, the resonance frequency is accurate. When the coupling coefficient is below 0.01, the secondary current of the on-board receiver at 100[Hz]~ 2[kHz] is higher than at the resonance frequency. Therefore, malfunction can occur in the on-board receiver. Also, when the coupling coefficient is greater than 0.1, the resonance frequency is out of the range limit. When considering the wayside transmitter and on-board receiver, the proper coupling coefficient is 0.02~0.1 without the frequency interference. In this case, the mutual inductance is 10.2[µH]~ 51[µH]. The distance from the on-board receiver to wayside transmitter is maintained to ensure the mutual inductance.
